Steroids produced locally in brain (neurosteroids), including dehydroepiandrosterone (DHEA), inf luence cognition and behavior. We previously described a novel cytochrome P450, Cyp7b, strongly expressed in rat and mouse brain, particularly in hippocampus. Cyp7b is most similar to steroidogenic P450s and potentially could play a role in neurosteroid metabolism. To examine the catalytic activity of the enzyme mouse Cyp7b cDNA was introduced into a vaccinia virus vector. Extracts from cells infected with the recombinant showed NADPH-dependent conversion of DHEA (K m , 13.6 M) and pregnenolone (K m , 4.0 M) to slower migrating forms on thin layer chromatography. The expressed enzyme was less active against 25-hydroxycholesterol, 17␤-estradiol and 5␣-androstane-3␤,17␤-diol, with low to undetectable activity against progesterone, corticosterone, and testosterone. On gas chromatography and mass spectrometry of the Cyp7b metabolite of DHEA the retention time and fragmentation patterns were identical to those obtained with authentic 7␣-hydroxy DHEA. The reaction product also comigrated on thin layer chromatography with 7␣-hydroxy DHEA but not with 7␤-hydroxy DHEA; when [7␣-3 H]pregnenolone was incubated with Cyp7b extracts the extent of release of radioactivity into the medium suggested that hydroxylation was preferentially at the 7␣ position. Brain extracts also efficiently liberated tritium from [7␣-3 H]pregnenolone and converted DHEA to a product with a chromatographic mobility indistinguishable from 7␣-hydroxy DHEA. We conclude that Cyp7b is a 7␣-hydroxylase participating in the synthesis, in brain, of neurosteroids 7␣-hydroxy DHEA, and 7␣-hydroxy pregnenolone.
Steroid hormones regulate a variety of biological functions, including reproductive and adaptive responses. Though principally synthesized by the adrenal gland, gonads, liver, and placenta, the brain is a further site of steroid synthesis and metabolism. Dehydroepiandrosterone (DHEA) and pregnenolone (1), as well as progesterone (2) , are reported to accumulate in the brain despite adrenalectomy and gonadectomy. Such brain-derived steroids have been termed neurosteroids (reviewed in ref. 3 ) and a growing body of evidence indicates that these can influence neuronal activity and behavior. Both DHEA and pregnenolone improve posttraining memory when injected into limbic structures of the mouse brain (4) (5) (6) ; other effects on cognitive processes have been noted (2, (7) (8) (9) .
Pregnenolone and related molecules interact principally with ␥-aminobutyric acid receptors (10) (11) (12) (13) (14) (15) (16) (17) , though modulation of N-methyl-D-aspartate (18) (19) (20) (21) (22) (23) (24) , -opioid (24, 25) , and progesterone (26) receptors has also been suggested. However, it is so far unknown whether the documented in vivo effects are mediated directly by these steroids or by the products of their metabolism in brain and other tissues.
These advances have focused intense current interest on the pathways of steroid synthesis and metabolism in brain. Primary rat glial cells can synthesize pregnenolone and progesterone from cholesterol (27) , while neurosteroidogenesis has been reported in isolated rat retina (28) and brain (29) . In addition to the production of pregnenolone and DHEA from cholesterol, a variety of novel steroids are made in brain extracts or cultured brain cells, including 20␣-dehydropregnenolone, 7␣-hydroxy derivatives of pregnenolone and DHEA, progesterone, and both 3␣-and 3␤-hydroxy-5␣-pregnan-20-one (reviewed in ref. 3) . Androgens are also modified, particularly through the action of aromatase and a 5␣-reductase (reviewed in ref. 30 ). However, the specific enzymes responsible for these and other transformations in the central nervous system have not been well characterized.
Oxidative interconversions and metabolism of cholesterol and its steroid derivatives are principally performed by cytochrome P450 (Cyp) enzymes, a family of heme-containing mono-oxygenases located on intracellular membranes. Several Cyps are present in the central nervous system (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . Activities or mRNAs corresponding to key steroidogenic enzymes Cyp11a1 (side-chain cleavage, scc), Cyp17 (17-hydroxylase͞17,20 lyase), and Cyp11b1 (11␤-hydroxylase) can be detected in rat brain (43) (44) (45) , in addition to Cyp19 (aromatase) (46) . Furthermore, mRNAs encoding the non-Cyp hydroxysteroid dehydrogenases (HSD) 3␣-HSD, 3␤-HSD, and 11␤-HSD have been reported in the central nervous system (45, (47) (48) (49) .
We recently reported the molecular cloning of cDNAs from rat and mouse brain corresponding to a novel Cyp designated Cyp7b (50) . This enzyme shares 39% sequence identity to hepatic cholesterol 7␣-hydroxylase (Cyp7a) and lesser but significant homology with other steroidogenic Cyps. The postulated steroidogenic domain (51, 52) , found in many of these enzymes, is present in both Cyp7a and Cyp7b. Cyp7b mRNA is predominantly expressed in rodent brain, particularly in the hippocampus (50), unlike Cyp7a, which is liver-specific (52) (53) (54) . In the current study we report the substrate specificity of this new brain enzyme and show that the enzyme selectively modifies neurosteroids pregnenolone and DHEA.
EXPERIMENTAL PROCEDURES
Expression of Cyp7b in Mammalian Cells. To express Cyp7b from vaccinia virus (VV) the sequence flanking the postulated mouse cDNA translation initiation codon (TCGG-GATGC; ref. 50 ) was altered to the consensus (CCAC-CATGR; refs. 55 and 56) for translation initiation in mammalian cells. Oligonucleotide-directed mutagenesis was by PCR amplification; oligonucleotides employed were 5Јd-GGCCCTCGAGCCACCATGCAGGGGGCCACG-3Ј and 5Ј-dGGCCGAATTCTCAGCTTCTCCAAGAT-3Ј. Five cycles of amplification were performed, the products separated by agarose gel electrophoresis, digested with XhoI and EcoRI, and inserted between the SalI and EcoRI sites of plasmid pTG186-poly (57, 58) , downstream of an early VV promoter, generating the construct pVV-Cyp7b. Transfer to the VV genome by homologous recombination in vivo was according to standard procedures (57, 58) .
Preparation of Cell and Tissue Extracts. HeLa cells were grown to semi-confluence (10 6 cells͞5 cm dish; 5 ml medium) and infected (0.1 plaque-forming units͞cell) with recombinant (VV-Cyp7b) or control viruses (VV-Copenhagen strain or a thymidine kinase negative Copenhagen derivative). After incubation (16 h, 37ЊC) cells were washed, resuspended in 1͞10 original volume (500 l) of W (Waxman's) buffer (0.1 M KPO 4 ͞1 mM EDTA͞20% glycerol, pH 7.5; ref. 59 ) and pelleted by centrifugation. For whole cell extracts, cells were resuspended into 1͞100th volume W buffer and stored frozen at Ϫ70ЊC. For microsome preparations, cell suspensions were sonicated (six times for 5 sec at 0ЊC), unbroken cells removed by centrifugation, and the microsomal fraction pelleted (100,000 ϫ g, 45 min, 4ЊC) as described (59) . Microsomes were resuspended (Potter homogenizer) in 1͞50th volume W buffer and stored at Ϫ70ЊC. Liver and brain extracts were prepared from rat (Fischer, male). Frozen tissue was homogenized (Dounce) in W buffer (2.5 ml͞g). The homogenate was centrifuged (4,000 ϫ g, 5 min, 4ЊC) and the aliquotted supernatant stored at Ϫ70ЊC.
Assay for Steroid Conversions. Unlabeled steroids were from Sigma; reference hydroxylated steroids were received from H. Lardy (University of Wisconsin) (7␣-hydroxy DHEA) and were also available locally (I.B.; 7␣-hydroxy DHEA; 7␤-hydroxy DHEA). TLC. Reaction products were applied to silica gel TLC sheets (Merck) and developed in ethyl acetate͞n-hexane͞ acetic acid (16:8:1) as described (buffer system N in ref. 60 Mass Spectrometry. A ϫ10 scaled up reaction was employed using 95% unlabeled DHEA (Sigma) and 5% [
14 C]-DHEA (final specific activity, 2.25-3 mCi͞mmol); the reaction time was extended to 1 h. Product was purified by TLC, excised, and extracted with ethyl acetate before drying down. The dried residue and authentic 7-hydroxy DHEA (7HD; 50 g) were converted to their methoxime-trimethylsilyl derivatives as described (61) . Analysis of these products was performed using a Trio 1000 mass spectrometer operating in electron impact mode, linked to a Hewlett-Packard model HP5890 gas chromatograph fitted with an HP-1 crosslinked methyl siloxane column (25 
RESULTS

Expression of Cyp7b from Recombinant Vaccinia.
To produce active Cyp7b enzyme the complete mouse cDNA (50) was first modified to flank the open reading frame with appropriate restriction sites and a translation initiation consensus. This was introduced into a transfer plasmid under the control of the VV 7.5K early gene promoter, within the body of a cloned VV thymidine kinase (TK) gene. Recombinational exchange in vivo was used to transfer the expression cassette to the VV genome; TK-negative recombinants (VV-Cyp7b) were selected. Cultured HeLa cells were infected with recombinant viruses and harvested for biochemical assay.
Recombinant Cyp7b Modifies 3␤-Hydroxy Steroids. Previously we argued (50) that Cyp7b may catalyze transformation of cholesterol or its steroid derivatives in view of significant homology to hepatic cholesterol 7␣-hydroxylase. Accordingly, cell extracts were incubated with a selection of radiolabeled steroids; products were subjected to TLC and visualized by autoradiography. DHEA was efficiently converted (Ϸ95%) to a slower migrating product, consistent with hydroxylation of the steroid molecule (Fig. 1a) . Significant conversion was also observed with pregnenolone; some activity was recorded with 25-hydroxycholesterol, 17␤-estradiol, and 5␣-androstane-3␤,17␤-diol. Other substrates tested including progesterone, testosterone, and corticosterone were not efficiently metabolized, though minor conversion products were observed (Ͻ3% substrate conversion), indicating that Cyp7b shows a strong preference for 3␤-hydroxy steroids.
Cyp7b mRNA is expressed abundantly in mouse and rat brain but only at low levels in liver (50) . To confirm that Cyp7b activity is also present in brain, primary rat brain and liver extracts were incubated with [
14 C]DHEA. The rat brain extract generated a major product with an identical mobility on TLC to that produced by VV-Cyp7b extracts, indicating that this activity is present in rat brain (Fig. 1b) . The primary product obtained when radiolabeled DHEA was incubated with mouse brain extracts also displayed a mobility identical to the VVCyp7b product (not shown). While the rat liver extract produced a range of products, including some which comigrate with the major VV-Cyp7b and brain product, there was no evidence of selective conversion to the Cyp7b product.
The same conversion was observed with fresh intact cells infected with VV-Cyp7b (tested for DHEA alone), frozen cells (data not shown), and purified microsomal preparations (Fig.  1c) . To confirm that the reaction is catalyzed by a recombinant Cyp, reactions using DHEA as a substrate were performed in the presence or absence of the Cyp reductase cofactor NADPH or with the addition of clotrimazole, a selective inhibitor of Cyp-mediated reactions. No products were observed in the absence of NADPH, while clotrimazole caused a marked reduction in Cyp7b activity at 1 M and abolished activity at 10 M (Fig. 1c) .
Mass Spectrometric Analysis of Cyp7b Product. We surmised that, in view of homology with cholesterol 7␣-hydroxylase (50), Cyp7b might catalyze the hydroxylation of DHEA and pregnenolone at the 7 position. Accordingly, mass spectrometry was performed on the Cyp7b conversion product of DHEA in parallel with reference 7HD. A scaled-up reaction was performed employing [ 14 C]DHEA diluted 20-fold with unlabeled DHEA; the reaction product was purified by TLC. This was then derivatized, in parallel with reference 7␣-hydroxy DHEA (7HD), and analyzed by gas chromatography and mass spectrometry. The gas chromatograms of the derivatives of the Cyp7b product and reference 7HD each contained one major peak. The retention times were identical for both Cyp7B product and 7HD (13.60 min; data not shown).
The mass spectrum of the major peak obtained for the derivatized Cyp7b product (Fig. 2a) showed the same fragmentation pattern as that of the derivative of 7HD (Fig. 2b) ; the molecular ion (m͞z 477) was clearly present in both spectra but at low abundance while the common base peak (m͞z 387) resulted from loss of a trimethylsilanol group. The identity of the two patterns confirms that Cyp7b hydroxylates DHEA at the 7 position.
Gas chromatography of chemically derivatized Cyp7b product and reference 7HD also revealed two minor peaks in addition to the major derivatization product, indicative of partial derivatization of the original purified Cyp7b product and reference 7HD (not shown). Retention times for derivatization side-products were identical for 7HD and Cyp7b product. These were also analyzed by mass spectrometry. Spectra of the side-products were pairwise identical between Cyp7b product and reference 7HD (not shown), further confirming co-identity of the parent molecules.
Cyp7b Hydroxylates DHEA and Pregnenolone at the 7␣ Position. While these results demonstrate 7-hydroxylation of DHEA by Cyp7b, and argue that 7␣-(rather than 7␤-) hydroxylation is most likely, the ␣͞␤ configuration was not rigorously assigned. We used two methods to confirm the stereochemistry of the reaction.
First, one radiolabeled substrate, [ 3 H]pregnenolone, was predominantly labeled at the 7␣ position; release of radioactivity from this molecule would indicate ␣ rather than ␤ substitution of H by OH during hydroxylation at the 7 position. Accordingly, this molecule was incubated with extracts of cells expressing Cyp7b. The reaction was extracted with solvent: radioactivity liberated from the solvent-soluble steroid into the aqueous phase was measured.
Cyp7b extracts were found to selectively liberate radioactivity from the steroid molecule (Fig. 3) . The extent of release was determined; extracts liberated 35% of the label in a reaction where label present in residual substrate and product were 16% and 49%, respectively, of total starting material (data not shown), which is equivalent to 42% release of radioactivity in a reaction proceeding to completion. The majority (48-68%) of the label is at the 7␣ position, 25-27% at the 7␤ position, with minor contributions from the four (15-23%) and other (0-2%) positions (information supplied by DuPont͞NEN Technical Division). The 42% release is inconsistent with exclusive 7␤-hydroxylation (which could not release more than 27% of the radioactivity), arguing that the 7␣ position is modified by Cyp7b. Furthermore, hydroxylation of tritium-substituted sites is slower than of unsubstituted sites (62) and the release of radioactivity underestimates the actual extent of modification at the site. We infer that Cyp7b predominantly mediates 7␣-hydroxylation of pregnenolone. Adult brain extracts also liberated radioactivity from this substrate, while specific release was not detected in control extracts of HeLa cells and liver extracts (Fig. 3) , consistent with the known distribution of Cyp7b messenger RNA (50). The apparent low-level release with control and liver extracts was due to nonspecific solubilization of steroid by extract components, while the absence of specific release by liver extracts confirms the finding (63) that pregnenolone is not a substrate for the hepatic cholesterol 7␣-hydroxylase, Cyp7a.
Second, ␣-and ␤-hydroxy steroids differ in their migration on TLC (60) . Accordingly, the radiolabeled Cyp7b DHEA metabolite was mixed with excess unlabeled reference 7␣-hydroxy DHEA or 7␤-hydroxy DHEA and separated by TLC in two different solvent systems (systems N and A in ref. 60 ). The unlabeled reference 7␣-hydroxy DHEA (localized under UV light) comigrated precisely with Cyp7b product (localized by autoradiography) in both systems, while the 7␤ species migrated differently. Mobilities relative to DHEA were as follows: 7␣-hydroxy DHEA, 0.32 and 0.20; Cyp7b product, 0.32 and 0.20; 7␤-hydroxy DHEA, 0.50 and 0.49, respectively, in the two solvent systems (data not shown).
Taken together these results demonstrate that Cyp7b predominantly catalyzes the hydroxylation of 3␤-hydroxysteroids DHEA and pregnenolone at the 7␣ position. However, one minor product of the Cyp7b reaction (Ϸ1% of the yield of 7␣-hydroxy DHEA) comigrated with 7␤-hydroxy DHEA on TLC (data not shown), consistent with some weak 7␤-hydroxylation activity.
K m and V max for Cyp7b. While Cyp7b hydroxylates 3␤-hydroxysteroids at the 7␣ position, the extent and relevance of the conversion will be dependent on kinetic parameters of the enzyme in addition to substrate availability. K m and apparent V max values were determined for DHEA, pregnenolone, and 17␤-estradiol by varying the substrate concentration (either by altering the radiolabeled substrate added to the reaction or by the addition of further unlabeled substrate) and monitoring the extent of conversion by TLC. Graphically determined initial reaction velocities (v o ) were plotted against substrate concentration [S] (double-reciprocal Lineweaver-Burk plot; 1͞v o vs. 1͞[S]) to determine apparent K m and V max values (data not shown; data on request).
The substrate specificity of Cyp7b is summarized in Table 1 . K m values for DHEA, pregnenolone, and estradiol were all in the range 3-15 M, demonstrating high affinity for these substrates. The apparent V max value for DHEA was 8-fold higher than for pregnenolone, while the V max for 17␤-estradiol was more than 10-fold less than for pregnenolone.
DISCUSSION
We previously reported a new Cyp, Cyp7b, primarily expressed in brain (50) , with significant homology to hepatic cholesterol 7␣-hydroxylase (Cyp7a) and other steroidogenic Cyps. We report here that Cyp7b preferentially catalyzes the hydroxylation of the neurosteroid DHEA, with significant activity against pregnenolone. Other steroids tested were less effectively converted, though some metabolism of 25-hydroxycholesterol, 17␤-estradiol, and 5␣-androstane-3␤,17␤-diol was observed, arguing that Cyp7b selectively metabolizes 3␤-hydroxylated steroids (Table 1, Fig. 4 ). On the basis of chromatographic, tritium release and mass spectrometric data we conclude that hydroxylation of 3␤-hydroxy steroids is at the 7␣ position. Some minor reaction products were also observed (Ͻ2% of major product yield). One such product obtained with DHEA comigrated with 7␤-hydroxy DHEA while in other experiments (to be reported elsewhere) we have shown that Cyp7b can also catalyze further 2-hydroxylation of the 7␣-hydroxy product obtained with 25-hydroxycholesterol; however, the in vitro reaction rate was slower by two orders of magnitude. Several activities capable of 7-hydroxylating cholesterol and steroids have been reported previously. Cholesterol 7␣-hydroxylase (Cyp7a), a liver enzyme that catalyzes the first step in the metabolic degradation of cholesterol and that shares 39% sequence identity with Cyp7b, has not been detected in brain. Furthermore, pregnenolone is a potent inhibitor rather than a substrate for the Cyp7a enzyme (63) . Recently, an oxysterol 7␣-hydroxylase involved in the biosynthesis of bile acids has been reported (64) (65) (66) (67) (68) (69) (70) . This enzyme has not yet been isolated either as a purified protein or as a cDNA clone. Cyp7b is moderately active against 25-hydroxycholesterol and may account for some of the oxysterol 7␣-hydroxylase activity observed in vivo, though it remains to be determined whether there are several enzymes that catalyze this activity. It is also of note that adult rat testes contain an activity capable of 7␣-hydroxylation of testosterone and androstenedione (71); a cDNA clone encoding a testosterone 7␣-hydroxylase has been reported (72) but this shares only 11% amino acid sequence identity with Cyp7a and rather less homology with Cyp7b.
Several groups have described 7␣-hydroxylation of DHEA and͞or pregnenolone in brain (34, 37, 73) , prostate (34), spleen and thymus (74) and adipose cells (75, 76) . The activities described by Warner et al. (34) and Akwa et al. (37) resemble Cyp7b in some respects. However, there are notable differences. Estradiol was reported to be a potent inhibitor of the enzyme activity described by Akwa et al. (37) , a finding at odds with those obtained here but which could possibly be ascribed to differences in enzyme preparations and͞or kinetic considerations. The enzyme described by Warner et al. (34) appears to differ from Cyp7b in that it has most activity against 5␣-androstane-3␤,17␤-diol, while Cyp7b is very much more active against DHEA.
Nevertheless, the K m values we determine for the Cyp7b substrates pregnenolone and DHEA (4.0 and 13.6 M) are very similar to the values recorded for the brain microsomal enzyme (4 and 14 M; ref. 37); we speculate that Cyp7b is responsible for this activity. However, we do not exclude the possibility that there are also other Cyp activities present in brain able to catalyze neurosteroid hydroxylation.
The biological significance of the Cyp7b reaction is as yet unknown. While there is evidence that pregnenolone and DHEA are locally synthesized in brain (1, 2) , there have been few determinations of the concentrations of pregnenolone, DHEA, or their derivatives in the central nervous system. Both pregnenolone and DHEA are reported to be present in rat brain within the broad range of 3-20 ng͞g (Ϸ10-70 nM; ref. 1), though exchange with a greater pool of sulfated and esterified derivatives may increase the effective local concentration. In human brain the concentrations are somewhat higher (77) . While Cyp7b may convert a significant proportion of these steroids to their 7␣-hydroxy derivatives, the relative local concentrations in brain of these molecules and their 7␣-hydroxylated derivatives are not yet known.
7␣-Hydroxylation of cholesterol in liver is a first step in the metabolic conversion of cholesterols to bile acids. However, it is so far unknown whether the observed 7␣-hydroxylation of DHEA and other neurosteroids represents inactivation of the molecule or whether, as we feel more likely, 3␤-hydroxy steroids such as DHEA are 7␣-hydroxylated by Cyp7b to generate the active hormones. Prohormone activation in target tissues is not unusual: testosterone is locally activated in the brain by aromatase and 5␣-reductase, while cortisone is activated by 11␤-HSD. Notably, it has been argued that 7-oxygenated derivatives are on a metabolic pathway from DHEA to much more active steroid hormones (78) . We surmise that the reaction catalyzed by Cyp7b is likely to be pivotal to the documented in vivo action of neurosteroids such as DHEA on cognition and behavior. This may assume some importance in view of the use of DHEA in attempts to ameliorate age-related cognitive decline (79) .
